Introduction
============

Lineage specification in the haematopoietic system is highly regulated at the transcriptional level, and for many lineages specific transcription factors have been identified as critical for their specification. Thus, formation of granulocyte-macrophage progenitors (GMPs) is regulated by C/EBPα during steady-state haematopoiesis ([@b66]) and by C/EBPβ during stress granulopoiesis ([@b19]), whereas Pax5 and GATA-3 control B and T lymphopoiesis, respectively ([@b62]; [@b58]). One roadblock to understanding how lineage commitment occurs in the myeloid branch of the definitive haematopoietic system has been our limited ability to precisely identify bipotent and monopotent progenitors with defined lineage potentials. In particular, progenitors for megakaryocytic (Mk) and erythroid (E) cells have remained elusive, complicating the identification of their specifying factors. Recently, the identification and prospective isolation of bipotent Mk/E progenitors (preMegEs), unipotent Mk and E progenitors (MkP and preCFU-E/CFU-E, respectively), as well as an early myeloid-committed progenitor (preGM) ([@b48]) has opened up the possibility of studying the separation of the GM, Mk and E lineages in greater detail.

Using distinct cell sorting strategies cell populations containing progenitors with both Mk and E potential, but devoid of myeloid or lymphoid potential, have been identified ([@b2]; [@b48]). Therefore, the divergence of the Mk and E lineages is the last decision made before fully committed Mk and E progenitors arise. Candidate lineage specifying factors are Klf1 (also known as EKLF) and Fli-1. Klf1 is preferentially expressed in Mk/E bipotent and E-committed progenitors, but is downregulated in committed Mk progenitors ([@b13]). Conversely, Fli-1 expression is downregulated upon E-lineage commitment and upregulated in Mk progenitors. In murine embryoid bodies and human CD34+ cord blood cells ectopic Klf1 expression suppressed both Fli-1 expression and Mk progenitor formation, whereas mutation or knockdown of Klf1 (or its human homologue) was found to increase Mk differentiation ([@b13]; [@b7]). Conversely, Fli-1 loss-of-function mutation, in both mouse and human, caused Mk differentiation defects ([@b18]; [@b55]), whereas its overexpression promoted megakaryopoiesis and suppressed erythropoiesis ([@b4], [@b5]). Finally, Fli-1 antagonizes Klf1 activity through protein--protein interaction ([@b54]), indicating Fli-1--Klf1 cross-antagonism as a potential mechanism for Mk--E-lineage separation. However, since Klf1 and Fli-1 deficiency causes defective erythroid ([@b44]; [@b46]) and megakaryocyte differentiation ([@b18]; [@b53]; [@b55]), respectively, rather than lineage commitment defects, it is possible that the function of their antagonism is lineage 'lockdown\', with other transcriptional regulators involved in actual lineage specification.

The current paradigm for separation of the GM and Mk/E lineages states that PU.1 and GATA-1 maintain the multipotent state through a combination of mutual functional inhibition and autoregulation ([@b8]). This model is supported by gain-of-function studies where PU.1 expression induces myeloid-lineage commitment, and GATA-1 induces erythroid/megakaryocytic commitment or potential, in heterologous or multipotent cell types ([@b8]). Conditional PU.1 deletion in the adult haematopoietic system prevents the formation of both the common lymphoid progenitor (CLP) population and common myeloid progenitor (CMP) population (which includes Mk/E-committed cells; [@b48]) and leads to the generation of self-renewing myeloid cell populations ([@b11]; [@b23]), consistent with a role in early myeloid-lineage specification. The results of GATA-1 loss-of-function studies are more ambiguous, since GATA-1 deletion has not been reported to enhance myelopoiesis or impair Mk/E-lineage commitment ([@b17]). The requirements for Mk/E-lineage commitment has therefore remained elusive.

In addition to PU.1 also C/EBPα and C/EBPβ have been shown to mediate myeloid-lineage commitment. In the absence of C/EBPα, GMPs are not formed during steady-state haematopoiesis ([@b66]), whereas C/EBPβ promotes GMP formation during stress haematopoiesis ([@b19]). Based on the hypothesis that mediators of Mk/E-lineage commitment would exhibit an antagonistic relationship to C/EBPs similar to that of PU.1--GATA-1 and Klf1--Fli-1 we examined C/EBP-deficient haematopoiesis, and found that preGMs blocked from proceeding to the GMP stage upregulate *Gata1*, *Gata2*, *Zfpm1* (encoding FOG-1), *Fli-1* and *Sfpi1* (encoding PU.1). As it was previously observed that FOG-1 was able to confer Mk/E potential on myeloid cells in a GATA-1-dependent manner we initially focused on these two factors. By conditionally deleting *Zfpm1* and *Gata1*, we observed that loss of the former prevented specification of all Mk/E-committed progenitors, whereas *Gata1* was required for the commitment of bipotent preMegEs towards an erythroid fate. Therefore, FOG-1 and GATA-1 act sequentially to generate and specify Mk/E progenitors during definitive haematopoiesis.

Results
=======

Depletion of C/EBPs alters lineage potential and gene expression of preGMs
--------------------------------------------------------------------------

Based on the hypothesis that factors promoting Mk/E and myeloid commitment would behave antagonistically we conditionally depleted C/EBP transcription factors, known to promote myeloid progenitor formation, from the haematopoietic system. We generated mice carrying two floxed *Cebpa* alleles and one floxed *Cebpb* allele, along with the *Mx1-Cre* transgene (*Cebpa*^fl/fl^; *Cebpb*^fl/+^; *Mx1-Cre*^tg/+^: C/EBP^cKO^ mice) and corresponding control mice lacking the *Mx1-Cre* transgene (*Cebpa*^fl/fl^; *Cebpb*^fl/+^: C/EBP^Con^ mice). One *Cebpb* allele was maintained as wild type since we observed that *Mx1-Cre* mediated deletion of all four *Cebpa* and *Cebpb* alleles led to rapid lethality (L Luciani and C Nerlov, unpublished). Recombination was initiated by injection of poly(I-C), which in the presence of *Mx1-Cre* leads to near-complete recombination in haematopoietic tissues ([@b26]). After 12 days, the effect of C/EBP depletion was analysed by progenitor phenotyping ([@b48]). We observed an overall expansion of the stem/progenitor compartment (data not shown), consistent with results previously obtained from *Cebpa* knock-in mice ([@b47]; [@b6]), which likely reflect loss of cell-cycle control in the stem cell compartment. C/EBP^cKO^ bone marrow stem/progenitor cells were unable to generate GMPs, consistent with results previously obtained for conditional *Cebpa* knock-out mice ([@b66]), while phenotypic myeloid-committed preGM cells were formed ([Figure 1A and B](#f1){ref-type="fig"}). In addition, we saw a significant increase in MkPs as a proportion of the Lin/Sca-1/IL7Rα--c-Kit+ progenitor population, as well as an increase in the number of Mk colony forming cells ([Figure 1C](#f1){ref-type="fig"}). The presence of preGM progenitors, which normally show predominantly myeloid potential ([@b48]), in the absence of further differentiation along the myeloid lineage, led us to investigate the gene expression and lineage potential of these cells. Colony forming assays on sorted preGMs under GM, Mk and E conditions showed an overall decrease in clonogenic potential, but with the proportion of CFU-Mk being increased in both relative and absolute terms ([Figure 1D](#f1){ref-type="fig"}). This was accompanied by upregulation of Mk lineage-associated genes, including *Mpl*, *Fli1*, *Zfpm1*, *Gata1* and *Gata2* ([Figure 1E and F](#f1){ref-type="fig"}). Most of these encode transcriptional regulators with lineage regulatory potential. In particular, GATA-1 and FOG-1 have previously been implicated in extinction of myeloid-lineage programming and acquisition of Mk/E potential ([@b29]; [@b49]). We, therefore, selected these two factors for further study.

GATA-1 is dispensable for preMegE formation, but required for their progression along the erythroid lineage
-----------------------------------------------------------------------------------------------------------

Loss of GATA-1 has previously been observed to block erythroid progenitors from terminally differentiating, but effects on lineage specification have not been addressed. We generated male mice containing a floxed *Gata1* allele (in the hemizygous state, since the gene is X-linked) and the *Mx1-Cre* transgene (*Gata1*^fl/Y^; *Mx1-Cre*^tg/+^: GATA-1^cKO^ mice), as well as the corresponding control mice (*Gata1*^+/Y^; *Mx1-Cre*^tg/+^: GATA-1^Con^ mice). Twelve days after starting poly(I-C) treatment, we observed no effect on platelet or leukocyte numbers ([Figure 2A and B](#f2){ref-type="fig"}), but a specific loss of peripheral red blood cells ([Figure 2B](#f2){ref-type="fig"}). The lack of any significant effect of GATA-1 deficiency on platelets is consistent with a previous study demonstrating a mild megakaryocyte differentiation defect in the absence of GATA-1 ([@b17]). In accordance with that study, we also observed accumulation in the bone marrow of early erythroid progenitors, apparently blocked at the pro-erythroblast stage ([Figure 2C](#f2){ref-type="fig"}). However, a significant decrease in the total number of erythroid progenitors ([Figure 2D](#f2){ref-type="fig"}) suggested that also their specification could be impaired. Flow cytometric phenotyping of the progenitor compartment showed a complete loss of the earliest stages of committed erythroid progenitors, preCFU-Es and CFU-Es ([Figure 2E--G](#f2){ref-type="fig"}). This was accompanied by a significant increase in MkPs, whereas preGM/GMP numbers were unaffected. The GM versus Mk/E bifurcation, therefore, seems not to involve GATA-1, whereas the divergence of the E and Mk lineages does. However, the possibility existed that erythroid progenitors formed, which were undetectable by surface marker expression. To resolve this, we sorted preMegEs from GATA-1^Con^ and GATA-1^cKO^ mice, and tested their erythroid colony forming ability. This showed that GATA-1-deficient preMegEs were unable to form erythroid colonies ([Figure 3A](#f3){ref-type="fig"}). Potentially, this could be caused by the inability of GATA-1-deficient preMegEs to respond to erythropoietin, the cytokine driving the CFU-E assay, rather than their inability to form erythroid cells. However, gene expression analysis of GATA-1^Con^ and GATA-1^cKO^ preMegEs showed that *Gata1* expression was lost upon deletion, whereas *Epor* expression was normal. *Gata2*, *Klf1* and *Zfpm1* were upregulated ([Figure 3B](#f3){ref-type="fig"}), indicating that the encoded factors, all of which are associated with erythroid differentiation, are insufficient to mediate lineage commitment in the absence of GATA-1. Analysis of gene expression at the single cell level gave a similar result: the proportion of *Epor* expressing cells was not altered, whereas *Klf1* and *Gata2* expressing cells were increased ([Figure 3C](#f3){ref-type="fig"}). Overall, these results indicate that GATA-1 is required for erythroid development at the level of lineage commitment, whereas GATA-1 deficiency did not have any detectable effect on divergence of the GM lineages from the Mk/E lineages.

FOG-1 is required for megakaryocyte and erythroid-lineage commitment
--------------------------------------------------------------------

GATA-1 is co-expressed with GATA-2 in most Mk/E progenitors and mature cells, and redundancy between these factors could explain why *Gata1* deletion did not affect GM progenitor formation. Both GATA-1 and GATA-2 use FOG-1 as a co-factor during Mk/E differentiation ([@b10]). We, therefore, conditionally inactivated the *Zfpm1* gene as a way to access the combined function of the two GATA factors, since FOG-1 is not known to have GATA-independent activities. Initial experiments, using *Zfpm1*^fl/fl^; *Mx1-Cre*^tg/+^ (FOG^cKO^ genotype) and *Zfpm1*^+/+^; *Mx1-Cre*^tg/+^ (FOG^Con^ genotype) mice resulted in very rapid lethality of the FOG^cKO^ mice upon poly(I-C) injection. Since FOG-1 is expressed in several non-haematopoietic tissues, we transplanted total bone marrow from FOG^cKO^ and FOG^Con^ mice (CD45.2 allotype) into wild-type recipients (CD45.1/2 allotype). One month after transplantation the exclusive reconstitution of the recipient haematopoietic system by the donor cells was verified by analysis of the peripheral blood (PB; [Supplementary Figure S1](#S1){ref-type="supplementary-material"}), and recombination induced by poly(I-C) injection. This led to lethality within 8 days of the FOG^cKO^ mice, with no loss of viability of FOG^Con^ mice ([Figure 4A](#f4){ref-type="fig"}), accompanied by severe anaemia and thrombocytopenia ([Figure 4B--D](#f4){ref-type="fig"}). However, the transient effects of interferon-β induced by poly(I-C) on the haematopoietic stem/progenitor compartment precluded detailed analysis of progenitor populations before the lethal effects of the deletion occurred. To circumvent this problem, we next included wild-type CD45.1 competitor cells in the transplantation experiment in a 1:1 ratio with FOG^cKO^ and FOG^Con^ cells. No lethality was observed after poly(I-C) treatment, and mice could be analysed at steady state 3 months after induction of recombination ([Supplementary Figure S2A](#S1){ref-type="supplementary-material"}). Under these conditions, blood values were largely normal, although a decrease in platelet numbers was observed ([Supplementary Figure S2B--G](#S1){ref-type="supplementary-material"}). In the donor-derived CD45.1--CD45.2+ BM fraction, we observed that FOG^cKO^ cells displayed a strong bias towards myeloid differentiation: preGMs and GMPs were increased whereas preCFU-E/CFU-E and MkP populations were virtually absent ([Figure 5A](#f5){ref-type="fig"}), both when measured as proportion of the Lin--c-Kit+ progenitor pool ([Figure 5B](#f5){ref-type="fig"}) and as absolute cell number ([Figure 5C](#f5){ref-type="fig"}). No effect was observed on the CD45.1+CD45.2-- competitor cells ([Supplementary Figure S3](#S1){ref-type="supplementary-material"}), indicating that the effects of FOG-1 depletion on progenitor formation were cell intrinsic. These results showed an inability of FOG-1-deficient haematopoietic stem cells (HSCs) to progress towards MkE differentiation. To confirm this, we performed colony forming assays on the CD45.1--CD45.2+LSKFlt3-- fraction: here, FOG^Con^ cells showed CFU-GM, CFU-Mk and CFU-E activity as expected, whereas elevated CFU-GM activity was found in FOG^cKO^ cells, along with a complete loss of MkE potential ([Figure 5D](#f5){ref-type="fig"}).

While the absence of FOG-1-deficient committed phenotypic and Mk/E colony forming cells provided strong evidence for a differentiation block along these lineages, it could not be formally excluded that the absence of phenotypic progenitors was due to a change in their surface phenotype, and that FOG-1-deficient HSCs still were able to generate platelets and erythrocytes. The CD45 allotype-specific antibodies cannot be used to address this issue, since neither platelets nor erythrocytes express CD45. In order to address this question, we therefore took advantage of the *Vwf-EGFP* (Sanjuan-Pla *et al*, in preparation) and the *miR-144/451-EGFP* ([@b50]) reporter mouse lines, where platelets and erythrocytes, respectively, are labelled by EGFP. By creating chimeras between unrecombined FOG^Con^/FOG^cKO^ and Vwf-EGFP mice, followed by poly(I-C) injection, we observed that in the FOG^cKO^ chimeras essentially all EGFP^−^ platelets were lost after 18 days ([Figure 6A, C](#f6){ref-type="fig"}). Similar experiments using the miR-144/451-EGFP knockin showed that EGFP^−^ erythrocytes were lost, with somewhat slower kinetics ([Figure 6B, D](#f6){ref-type="fig"}). Since the output of short-lived myeloid cells from FOG^cKO^ HSCs was maintained in competitively repopulated recipients for several months after poly(I-C) induction ([Figure 5A](#f5){ref-type="fig"}), the loss of EGFP^−^ platelets and erythrocytes indicates that production of these cell types is indeed blocked in the absence of FOG-1.

Some residual commitment towards the Mk and E lineages was suggested by the presence of FOG^cKO^ cells with the surface phenotype of bipotent preMegEs. Cell sorting and qPCR gene profiling of this population confirmed the absence of *Zfpm1* expression; expression of *Gata2* was increased, whereas *Gata1* mRNA levels were not significantly altered. Interestingly, myeloid genes (*Sfpi1*, *Mpo*) were upregulated in FOG^cKO^ preMegEs ([Figure 7A](#f7){ref-type="fig"}), as were both *Cebpa* and *Cebpb* ([Figure 7B](#f7){ref-type="fig"}). Gene profiling at the global level showed that the gene expression pattern of FOG^cKO^ preMegEs was highly significantly depleted of mRNAs associated with the normal preMegE phenotype, with an equally strong upregulation of preGM-associated genes (as defined by [@b48]; [Figure 7C](#f7){ref-type="fig"}). Since preMegEs and preGMs define the first committed progenitors derived from the HSC compartment, we used these gene sets to determine whether a lineage commitment bias was introduced into HSCs upon FOG-1 depletion. We observed similar reprogramming in the LSKFlt3^−^ HSC fraction ([Figure 7D](#f7){ref-type="fig"}), with significant depletion of preMegE genes and upregulation of preGM genes. The failure of FOG-1-deficient progenitors to upregulate Mk/E gene expression was, therefore, preceded by defective Mk/E programming of HSCs. Using gene sets defining mature myeloid, erythroid and megakaryocytic cells, we previously observed depletion of mature GM genes in HSCs homozygous for a *Cebpa* point mutation that disables C/EBPα DNA binding (K313KK or KK allele) ([@b6]). Using the early committed progenitor gene sets, we found that the *Cebpa* KK mutation had the converse effect on HSC lineage programming compared with FOG-1 conditional knockout, leading to preGM gene depletion and preMegE gene enrichment ([Figure 7E](#f7){ref-type="fig"}). The inability of FOG-1-deficient HSCs to produce Mk/E colonies and give rise only to GM myeloid colonies, combined with the myeloid reprogramming of FOG^cKO^ preMegEs raised the question whether GM potential was retained in this phenotypically Mk/E-committed cell population. Sorted FOG^Con^ and FOG^cKO^ preMegEs exhibited a different behaviour when plated under GM and E conditions: the control preMegEs showed high E and Mk potential, and very limited GM potential; FOG^cKO^ preMegEs readily formed colonies only under GM conditions, but generated no E or Mk colonies ([Figure 7F](#f7){ref-type="fig"}). These results are consistent with the loss of Mk/E-lineage commitment from preMegEs being accompanied, and possibly caused by, their inability to extinguish myeloid lineage-associated gene expression and myeloid-lineage potential. To identify putative regulators of FOG-1-dependent extinction of myeloid potential in preMegEs, we mined the gene profiling data to identify those genes that were (i) highly expressed in preMegEs, but not in preGMs and CLPs and (ii) significantly downregulated in FOG^cKO^ preMegEs relative to FOG^Con^ preMegEs ([Supplementary Table S1](#S1){ref-type="supplementary-material"}). One of these genes was *Trib2*, which is known to induce the degradation of C/EBPα and C/EBPβ ([Figure 7G](#f7){ref-type="fig"}). We confirmed the loss of *Trib2* expression in FOG^cKO^ preMegEs by Q--PCR ([Figure 7H](#f7){ref-type="fig"}). Finally, we identified putative GATA binding sites in the *Trib2* gene ([Figure 7I](#f7){ref-type="fig"}), one of which was found to bind both GATA-2 and FOG-1 in chromatin immune-precipitation (ChIP) experiments performed on sorted preMegEs ([Figure 7J](#f7){ref-type="fig"}).

Discussion
==========

The results obtained in this manuscript identify FOG-1 and GATA-1 as regulators of Mk/E-lineage specification. Depleting the haematopoietic system of C/EBPs blocked myelopoiesis at the preGM to GMP transition. This was accompanied by increased expression of the genes encoding Mk/E-lineage regulators such as GATA-1, GATA-2 and FOG-1, as well as increased Mk potential within the phenotypic preGM compartment. Of these, FOG-1 was shown to be required for the coordinated loss of GM priming and acquisition of Mk/E priming associated with preMegE formation. This identifies FOG-1 as a transcription factor critical for the generation of all Mk/E-committed cells, whereas GATA-1 was specifically required for the specification of preCFU-E/CFU-Es from preMegEs. Therefore, FOG-1 and GATA-1 act sequentially during specification of committed Mk/E progenitors to separate these from GM progenitors, and subsequently to segregate the Mk and E lineages.

GATA-1 is required for erythroid-lineage commitment
---------------------------------------------------

The essential role of GATA-1 in erythropoiesis has long been established. *Gata1* null embryos die around embryonic day 10.5 due to defective primitive erythropoiesis ([@b14]). More recently, deletion of *Gata1* during definitive haematopoiesis revealed a block of erythroid progenitor maturation at the pro-erythroblast stage ([@b17]). However, our inability to prospectively identify committed unilineage E progenitors has so far precluded analysis of the role of GATA-1 in lineage commitment processes. Using the progenitor phenotyping scheme developed by Bryder and colleagues ([@b48]) we here show that acute *Gata1* deletion leads to a complete block of preCFU-Es and CFU-Es, the earliest erythroid-committed progenitors thus far identified. Loss of GATA-1 did not affect the numbers of preMegEs, preGMs or GMPs, but was accompanied by an increase of MkPs, indicating that in the absence of GATA-1 the allocation of progenitors at the Mk/E versus GM bifurcation is not significantly affected, whereas preMegEs showed only Mk-lineage commitment. Interestingly, other transcription factors involved in erythroid differentiation (*Klf1*, *Gata2*, *Zfpm1*, *Epor*) were not downregulated in preMegEs, showing that the impairment in E progenitor formation was not due to a general loss of erythroid regulators, but to a specific requirement for GATA-1 at the Mk- versus E-lineage bifurcation.

Other regulatory mechanisms have been identified that influence the relative Mk--E lineage output: miR-150 represses c-Myb expression, and miR-150 overexpression ([@b34]) or hypomorphic *Myb* alleles ([@b12]; [@b39]) both led to overproduction of megakaryocytes, whereas miR-150 knockdown or c-Myb overexpression had the opposite effect. Activation of Notch signalling also has the potential to increase Mk differentiation: exposure to Notch ligands or transduction with the Notch1 intracellular domain increased megakaryocytic output in sorted murine stem and progenitor cell populations *in vitro*, and Notch inhibition reduced the number of megakaryocyte-erythroid progenitors (MEPs) and megakaryocytes *in vivo* ([@b37]). These results are consistent with a role for these mechanisms in Mk versus E unilineage progenitor specification. It will now be important to determine whether this is the case, and to which extent Myb, miR-150 and Notch functionally interact with GATA-1 during this process.

FOG-1 is required for formation of all committed Mk and E progenitors
---------------------------------------------------------------------

In the absence of FOG-1, we observed a complete loss of progenitors committed to the Mk and E lineages: MkPs, preCFU-Es, and CFU-Es were all absent, whereas myeloid-committed preGM and GMP progenitors were correspondingly increased. Loss of FOG-1 did not significantly alter the total number of myelo-erythroid progenitors, but simply altered their distribution. The current paradigm for separation of the GM and Mk--E lineages is thought to be PU.1--GATA-1 antagonism. PU.1 was observed to instruct myeloid differentiation in transformed avian multipotent progenitors while downregulating GATA-1 ([@b42]). Conversely, GATA-1 suppressed the myeloid phenotype of, and conferred MkE potential on, committed myeloid cells ([@b29]). In addition, PU.1 and GATA-1 (and GATA-2) showed functional antagonism through direct protein--protein interaction ([@b51]; [@b65]; [@b43]) as well as positive autoregulation through binding to their own promoters ([@b60]; [@b45]). Mathematical modelling has shown that a system with these properties is capable of maintaining an uncommitted metastable state that bifurcates into stable committed states when either of the two factors prevail ([@b22]).

The present results indicate that also FOG-1 plays a key role in this lineage bifurcation. FOG-1 null embryos die around embryonic day 11.5 and show arrested development of primitive erythrocytes and lack of megakaryocytes ([@b61]). Furthermore, decreased erythropoiesis and thrombopoiesis, and increased myelopoiesis have been reported in morpholino-based FOG-1 knockdown in zebrafish ([@b3]). It has, however, not been clear to which extent these abnormalities reflect lack of lineage commitment or subsequent differentiation defects. In addition, FOG-1 has been shown to repress eosinophil-specific gene expression through GATA-1/2 bound to eosinophil-specific promoters ([@b63]), and to block eosinophil specification ([@b49]). A similar role for FOG-1 in suppression of mast cell gene expression and differentiation has been demonstrated ([@b9]). The repressor function of FOG-1 has been located to an N-terminal NuRD-recruitment domain ([@b20]). Recently, knock-in mutagenesis disabling NuRD interaction of FOG-1 resulted in ectopic expression of myeloid and mast cell genes in heterologous cell types ([@b15]; [@b16]; [@b38]). However, no major defects in lineage specification were observed. The present results show that complete loss of FOG-1 results in loss of Mk/E-lineage progenitor commitment. Competitive transplantation experiments using bone marrow genetically modified to allow tracking of platelets and erythrocytes showed that the lack of FOG^cKO^ MkPs, preCFU-Es and CFU-Es was accompanied by a loss of mature cells of these lineages, arguing against the absence of these progenitors being due to an altered surface phenotype. The absence of Mk/E-lineage progenitors was also accompanied by loss of Mk/E-lineage programming and ectopic myeloid gene expression in the remaining phenotypic preMegEs. FOG-1-deficient preMegEs showed exclusively myeloid potential *in vitro.* This demonstrates a novel FOG-1 function in lineage specification, which is at least partially independent of NuRD complex interaction. Ectopic myeloid differentiation was observed from Mk/E progenitors in FOG-1--NuRD interaction mutant mice ([@b16]), indicating that suppression of myeloid potential by FOG-1 at least partially requires NuRD recruitment, whereas the acquisition of Mk/E potential can proceed in its absence.

Transcriptional lineage priming of haematopoietic stem and progenitor cells has been shown to define their lineage potential ([@b21]; [@b35]). We here observe that the inability of FOG-1-deficient HSCs to generate committed Mk/E progenitors is associated with their loss of preMegE-specific gene expression and upregulation of preGM-associated genes. The altered allocation of early myelo-erythroid progenitors from FOG^cKO^ HSCs is, therefore, preceded by a corresponding imbalance in the gene expression programs defining the earliest progenitors in the two differentiation pathways, supporting the importance of HSC priming for subsequent lineage commitment. We have previously shown that *Cebpa* loss-of-function mutations decrease myeloid priming of HSCs while simultaneously impairing myeloid-lineage commitment ([@b6]). Using the preGM and preMegE gene sets, we here extend this analysis by showing that disruption of C/EBP function in HSCs perturbs early Mk/E and GM progenitor gene expression in a manner converse to that of FOG-1 depletion, consistent with the negative cross-regulation between FOG-1 and C/EBPs translating into opposing roles in global lineage programming and lineage commitment.

Suppression of myeloid progenitor specification by FOG-1
--------------------------------------------------------

While loss of GATA-1 by itself did not disturb the allocation of Mk/E versus GM progenitors *in vivo* this could be explained by functional redundancy with GATA-2, which is also able to antagonize PU.1 activity. A larger issue is how FOG-1 interacts with the PU.1--GATA-1/2 antagonism. This potentially involves multiple mechanisms. First, since interaction of GATA-1 with PU.1 and FOG-1 has been observed to be mutually exclusive ([@b57]), FOG-1 may act as a co-factor for GATA-1 on the GATA-1 promoter and impair the ability of PU.1 to repress *Gata1* expression. Second, we observe cross-regulation of *Zfpm1* and *Cebpa*/*Cebpb* during the GM versus Mk/E segregation: loss of FOG-1 led to upregulation of *Cebpa* and *Cebpb* in preMegEs, whereas C/EBP-depleted preGM cells showed increased *Zfpm1* expression. In both cases, this correlated with altered lineage potential of the blocked progenitor population (summarized in [Figure 8](#f8){ref-type="fig"}).

Mining of microarray data identified the C/EBP antagonist Trib2 as a potential effector of FOG-1-mediated extinction of myeloid potential. *Trib2* is selectively expressed in preMegEs, but not in CLPs and preGMs; its promoter region binds GATA-2/FOG-1 in sorted preMegEs; and its expression is strongly reduced in the absence of FOG-1. Trib2 is able to selectively degrade the long isoforms of C/EBPα and C/EBPβ ([@b25]; [@b40]), which are the transcriptionally active isoforms ([@b41]). While it has been shown that viral transduction of *Trib2* into the haematopoietic system is leukaemogenic ([@b25]) in the same manner as loss of the long C/EBPα p42 isoform ([@b27]); however, it has so far not been addressed whether *Trib2* expression alters myeloid-lineage allocation. Now, it will be of interest to directly examine the role of Trib2 in Mk/E-lineage formation. In addition, C/EBPs are known to positively regulate *Sfpi1* expression ([@b30]; [@b64]); this provides a potential interface between PU.1--GATA-1 and FOG-1--C/EBP cross-regulation. Finally, C/EBPs have been described to functionally antagonize GATA factors ([@b59]) through protein--protein interaction, suggesting a proteomic contribution of C/EBPs in addition to direct gene regulation. The simple model of PU.1--GATA-1 antagonism controlling the segregation of the Mk/E and GM lineages, therefore, likely needs to be replaced by a more complex model where PU.1 and C/EBPs collectively antagonize GATA-1/2 and FOG-1 through several independent mechanisms.

Materials and methods
=====================

Mouse lines
-----------

*Zfmp1* ([@b24]), *Gata1* ([@b32]) *Cebpa* ([@b31]) and *Cebpb* ([@b33]) conditional alleles and *Mx1-Cre* transgenic mice ([@b28]) were previously generated. *miR144/451*^EGFP^ mice have been described ([@b50]). Details of the *Vwf-EGFP* line will be published elsewhere (A Sanjuan-Pla, C Nerlov and SE Jacobsen, in preparation). Poly(I-C) induced recombination, lethal irradiation and bone marrow transplantation were carried out as described ([@b27]). Animal experiments were carried out with the approval of the EMBL Monterotondo Ethical Committee and the University of Edinburgh Ethical Committee.

Flow cytometry and colony assays
--------------------------------

Measurement and analysis of haematological parameters, flow cytometric analysis and sorting of progenitors were performed as described ([@b26]; [@b6]). A list of antibodies and dilutions used is provided in [Supplementary Experimental Procedures](#S1){ref-type="supplementary-material"}. Media for colony forming assays for GM (M3436), E (M3534) and Mk lineages (MegaCult-C) were from Stem Cell Technologies (Vancouver, Canada) and used according to the manufacturer\'s instructions. Colonies generated in methylcellulose were scored as blasts, GM, BFU-E, and Mk colonies by morphologic criteria, and for megakaryocytic progenitors by acetylcholinesterase staining. Cells were plated in triplicate, or quadruplicate, and colonies were scored after 5 days (GM colonies) and 10 days (BFU-E and Mk colonies).

Gene expression analysis
------------------------

RNA purification and Q--PCR analysis of sorted cells were as previously described ([@b52]), except that *Hprt* expression was used for normalization. Statistical significance was determined using Student\'s *t*-test. A list of TaqMan probe sets (Applied Biosystems, Foster City, CA, USA) used is provided in [Supplementary Experimental Procedures](#S1){ref-type="supplementary-material"}.

Microarray analysis was performed at the Copenhagen University Hospital Microarray Unit. Total RNA from 5000 sorted cells was amplified using the WT-Ovation Exon Module, biotin labelled with FL-Ovation Biotin Module V2 kit (Nugen, San Carlos, CA, USA) and hybridized to Mouse Gene 1.0 ST GeneChip arrays (Affymetrix, Santa Clara, CA, USA) according to the manufacturers\' instructions. Normalization and GSEA analysis ([@b56]) were performed as described ([@b6]) using CLP, preGM and preMegE gene sets ([@b48]). *Cebpa* mutant HSC microarray data have previously been published ([@b6]). Microarray data have been deposited in the ArrayExpress database (<http://www.ebi.ac.uk/microarray-as/ae/>) with the accession number [E-MTAB-342](E-MTAB-342).

Multiplex single-cell RT--PCR analysis was performed as previously described ([@b21]; [@b1]; [@b35]). The genes investigated have previously been validated for their lineage specificity in early committed progenitors of different lineages ([@b35]). The primers used for nested multiplex single-cell PCR are listed in [Supplementary Experimental Procedures](#S1){ref-type="supplementary-material"}.

For analysis of Trib2 expression, 200 preMegE cells were sorted into 10 μl CellsDirect (Invitrogen) mix containing 1 × CellsDirect Reaction Mix, 1 μl RT-Taq mix, and 200 nM primers against genes including *Trib2* and *Hprt*. Reverse transcription was performed at 50°C for 15 min, followed by a 2-min incubation at 95°C and pre-amplification for 22 cycles of 95°C for 15 s and 60°C for 4 min. Pre-amplified samples were diluted to 50 μl with TE, and 2.5 μl of each sample was assayed in triplicate against UPL assays (Roche) for the target genes, also loaded in triplicate, on a Fluidigm 48.48 Dynamic Array. PCRs were performed on a BioMark HD instrument using the following conditions: 50°C for 2 min; 95°C for 10 min; 40 cycles of 95°C for 15 s, 58°C for 5 s, 60°C for 1 min. Thresholds were set manually for each assay prior to calling CTs. Reactions with no amplification were set to an arbitrary CT of 45, and relative expression levels were calculated by the ΔΔCt method. UPL (Roche)-based Q--PCR primers were *Trib2*: 5′-TGGAGGGAGACCACGTTTT-3′ and 5′-AGCAGCTGATCTCAAACACCT-3′, UPL probe 17; *Hprt*: 5′-TCCTCCTCAGACCGCTTTT-3′ and 5′-CCTGGTTCATCATCGCTAATC-3′, UPL probe 95. Microarray-based expression was calculated on RMA-processed data (FOG^cKO^ versus FOG^Con^), and using GCRMA-normalized published data ([@b48]) (comparison of CLP, preGM and preMegE populations).

Chromatin IP
------------

In all, 50 000 PreMegEs were sorted into DPBS (Gibco) supplemented with 5% FBS, and crosslinked in DMEM/1% formaldehyde for 10 min at room temperature. The reaction was stopped by adding glycine to a final concentration of 0.125 M. Cells were washed twice in ice-cold HBSS, and lysed in 200 μl of lysis buffer (50 mM Tris--HCl, pH 8.0, 10 mM EDTA, 1% SDS) on ice for 20 min. Chromatin was fragmented using Bioruptor (Diagenode) to obtain genomic fragments ranging from 200 to 500 bp. Samples were diluted with one volume of RIPA buffer containing protease inhibitor cocktail. ChIP assays were performed using 0.25 μg anti-GATA-2 (H-116) antibody, 0.5 μg anti-FOG-1 (M-20) antibody or an equal amount of control IgG (Santa Cruz). Following overnight incubation at 4°C, protein/DNA complexes were captured with 20 μl protein G Dynabeads (Invitrogen). After 2 h at 4°C, beads were washed 2 × with RIPA plus PIC buffer, 4 × with RIPA containing 500 mM NaCl plus PIC, 1 × LiCl buffer without protease inhibitor, 2 × TE buffer (10 mM Tris--HCl, pH 8.0, 10 mM EDTA) and finally resuspended in 100 μl cold TE buffer containing RNAse A (50 μg/ml) and incubated at 37°C for 30 min. Protease inhibitor cocktail (Roche) was added to all buffers. DNA was eluted twice with 200 μl elution buffer (20 mM Tris--HCl, pH 7.5, 5 mM EDTA, 50 mM NaCl) containing 1% SDS and Proteinase K. Crosslinks were reversed at 68°C for 2 h with shaking at 1300 r.p.m. Genomic DNA was recovered using phenol chloroform extraction and ethanol precipitation. Pellets were washed in 70% ethanol, briefly air dried, and resuspended in TE buffer (pH 8.0). The DNA was pre-amplified with specific primer using Taqman pre-amp master mix (Applied Biosystems). Putative GATA sites were located using TRANSFAC v2010.4 ([@b36]). Enrichment of the ChIP sample over input was confirmed by UPL-based Q--PCR. Enrichment was determined as the ratio between immune and non-immune IgG, and normalized to the values obtained for the *Csn2* negative control. The following amplicons were used: *Trib2*-1: 5′-TTGTGACTAGAAATTGGGTACATGA-3′ and 5′-CAGCACATGTAGGGAAGCTG-3′, UPL probe \#32; *Trib2*-2: 5′-CGAAGAGCTGTCGTCTATAAGGT-3′ and 5′-AACCTTGGCTCTCCGAGC-3′, UPL probe\#20; *Csn2*: 5′-CGTCTTACTGTGCCTCTCCA-3′ and 5′-CATGGCCACAATTCTTGGTT-3′, UPL probe \#82.
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![C/EBP depletion expands stem/progenitor cells and activates Mk potential. (**A**) Representative FACS profiles of C/EBP^Con^ and C/EBP^cKO^ bone marrow 12 days after poly(I-C) treatment. The top panel shows the gating strategy and gates used to define the progenitor populations. (**B**) Progenitor population sizes determined as in (**A**) expressed as percentage of the Lin/Sca-1/IL7Rα--c-Kit+ fraction for C/EBP^Con^ (*n*=4) and C/EBP^cKO^ (*n*=5) mice. (**C**) Total C/EBP^Con^ and C/EBP^cKO^ bone marrow cells were plated in MegaCult assays, and the number of Mk colonies determined. Each measurement was performed in quadruplicate. Error bars indicate standard deviations (^\*\*^*P*\<0.01; Student\'s *t*-test). (**D**) Lineage potential of C/EBP^Con^ and C/EBP^cKO^ preGM cells was assayed separately under GM (M3534), E (M3436) and Mk (MegaCult) conditions. In the case of GM conditions, colonies with immature blast morphology (blasts) are shown separately from normal GM colonies. The average number of colony forming units (CFUs) per 300 cells plated is given. Each value represents the average of four individual mice, each measured in triplicate. (**E**, **F**) Gene expression analysis of C/EBP^Con^ and C/EBP^cKO^ preGM cells (C/EBP^Con^: *n*=4; C/EBP^cKO^: *n*=5). Data show average mRNA expression normalized to *Hprt1*, each mouse assayed in triplicate. Error bars indicate standard deviations and asterisks indicate statistical significance (^\*^*P*\<0.05; ^\*\*^*P*\<0.01; Student\'s *t*-test).](emboj2011390f1){#f1}

![Loss of GATA-1 prevents formation of committed erythroid progenitors. (**A**) Differential count of peripheral blood cells 12 days after poly(I-C) treatment (GATA-1^Con^: *n*=10; GATA-1^cKO^: *n*=8). WBCs, total white blood cells; NEs, neutrophils; LYs, lymphocytes; MOs, monocytes; PLT, platelets. (**B**) Red cell parameters measured as in (**A**). HCT, haematocrit; Hb, haemoglobin level; RBC, red blood cell count. Error bars show standard deviations. Asterisks indicate statistical significance (^\*^*P*\<0.05; ^\*\*^*P*\<0.0001; ^\*\*\*^*P*\<0.00001). (**C**) Total bone marrow cells from GATA-1^Con^ (left panel) and GATA-1^cKO^ (right panel) mice day 12 after poly(I-C) injection were stained for CD71 and Ter119 to identify erythroid progenitor populations. Values shown are the size of gated populations as percentage of the total number of cells. I, pro-erythroblasts; II, basophilic erythroblasts; III, polychromatophilic erythroblasts; IV, orthochromatophilic erythroblasts. (**D**) Bar graphs represent percentage of the total number of cells in BM for each population gated as in (**C**). (**E**) Representative flow cytometric analysis of the experimental progenitor population from GATA-1^Con^ and GATA-1^cKO^ mice 12 days after poly(I-C) treatment. The schematic representation (top) indicates the gating strategy used for separating the different myelo-erythroid progenitor sub-populations from GATA-1^Con^ (middle panels) and GATA-1^cKO^ (bottom panels). The size of each population as percentage of the parental population is shown next to each gate. (**F**) Bar graphs represent the average size of each myelo-erythroid progenitor population as percentage of the Lin/Sca-1/IL7Rα--c-Kit+ fraction in GATA-1^Con^ (*n*=6) and GATA-1^cKO^ (*n*=6) poly(I-C)-treated mice. (**G**) Absolute number of myelo-erythroid progenitor from each of the populations analysed in (**F**). Numbers represent cells retrieved from tibias and femurs of each mouse.](emboj2011390f2){#f2}

![Loss of erythroid colony forming potential by GATA-1-deficient preMegEs. (**A**) CFU-E forming capacity of GATA-1^Con^ and GATA-1^cKO^ preMegEs. preMegE cells were sorted from GATA-1^Con^ and GATA-1^cKO^ mice 12 days after poly(I-C) injection and assayed for CFU-E activity (M3436). The values represent the average of three individually sorted mice, each assayed in duplicate. (**B**) Gene expression analysis of GATA-1^Con^ and GATA-1^cKO^ preMegEs obtained as in (**A**) was performed using real-time PCR. Values represent the average obtained from three individually sorted mice, each assayed in triplicate. Error bars indicate standard deviations and asterisks indicate statistical significance (^\*^*P*\<0.05; ^\*\*^*P*\<0.01; Student\'s *t*-test). (**C**) Single cell level gene expression in GATA-1^Con^ and GATA-1^cKO^ preMegEs analysed by nested multiplex PCR. Values represent the percentage of cells scored as positive for the indicated transcripts. More than 85 single cells were assayed per genotype, and those scoring positive for Kit mRNA were included in the analysis (\<3% were negative).](emboj2011390f3){#f3}

![Haematopoietic FOG-1 is essential for survival of adult mice. (**A**) Kaplan--Meier survival curve of wild-type mice transplanted with FOG1^Con^ (*n*=17) and FOG1^cKO^ bone marrow cells (*n*=17) and injected with poly(I-C) (150 μg/mouse) 4 weeks after transplantation. The graph shows the fraction of live mice for each genotype. Statistical significance between groups was calculated using the log-rank test. (**B**) Differential count of peripheral blood cells 5 days after poly(I-C) treatment (FOG1^Con^: *n*=7; FOG1^cKO^: *n*=8). WBCs, total white blood cells; NEs, neutrophils; LYs, lymphocytes; MOs, monocytes. (**C**) Platelet (PLT) count measured as in (**B**). (**D**) Red cell parameters measured as in (**B**). HCT, haematocrit; Hb, haemoglobin level; RBC, red blood cell count. Error bars show standard deviations. Asterisks indicate statistical significance (^\*^*P*\<0.05; ^\*\*^*P*\<0.0001; ^\*\*\*^*P*\<0.00001).](emboj2011390f4){#f4}

![FOG-1-deficient haematopoietic stem cells are unable to generate megakaryocyte-erythroid progenitors or colonies. (**A**) Representative flow cytometric analysis of the experimental progenitor population (CD45.1--CD45.2+Lin/Sca-1/IL7Rα--c-Kit+) from FOG^Con^ (middle panels) and FOG^cKO^ (bottom panels). The schematic representation (top) indicates the gating strategy used for separating the different myelo-erythroid progenitor sub-populations. The size of each population as percentage of the parental population is shown next to each gate. (**B**) Bar graph showing the average size of each myelo-erythroid progenitor population as percentage of the CD45.1--CD45.2+Lin/Sca-1/IL7Rα--c-Kit+ fraction in FOG1^Con^ (*n*=10) and FOG1^cKO^ (*n*=10) competitively transplanted mice. Data were pooled from two independent experiments. (**C**) Absolute number of myelo-erythroid progenitor from each of the populations analysed in (**B**). Numbers represent cells retrieved from tibias and femurs of each mouse. (**D**) Lineage potential *in vitro* of CD45.1--CD45.2+Lin--Sca-1+c-Kit+Flt3-- stem/multipotent progenitor fraction sorted from FOG1^Con^ and FOG1^cKO^ competitively transplanted mice. Three hundred cells were plated in semisolid medium under Mk (MegaCult-C), E (M3436) and GM conditions (M3534), respectively. The lineage potential of each cell population is expressed as the percentage of the total number of colonies formed under all three conditions. Independently transplanted mice (FOG1^Con^: *n*=6; FOG1^cKO^: *n*=6) were analysed for each genotype in two separate experiments, each performed in triplicate (GM, E) or in quadruplicate (Mk). Error bars show standard deviations and asterisks indicate statistical significance (^\*^*P*\<0.05; ^\*\*^*P*\<0.01; ^\*\*\*^*P*\<0.001; Student\'s *t*-test).](emboj2011390f5){#f5}

![FOG-1-deficient haematopoiesis does not produce erythrocytes or platelets. (**A**) CD45.1/2 recipient mice were co-transplanted with 500 000 Vwf-EGFP^tg/+^ and 2 000 000 of either FOG^Con^ or FOG^cKO^ bone marrow cells. PB was analysed by flow cytometry 4 weeks after transplantation. Mice were then injected with poly(I-C). Eighteen days after the first poly(I-C) injection (two injections, 2 day intervals) PB analysis was performed. Platelets were identified by scatter and co-expression of CD41 and CD150, and the percentage of platelets expressing EGFP determined. Representative plots are shown. (**B**) CD45.1/2 recipient mice were co-transplanted with 1 000 000 mir144/451^EGFP/+^ and 2 000 000 of either FOG^Con^ or FOG^cKO^ bone marrow cells. PB was analysed by flow cytometry 4 weeks after transplantation. Mice were then injected with poly(I-C). In all, 31 and 45 days after the first poly(I-C) injection (three injections, 2 day intervals), PB analysis was performed (only 45 day time point is shown). Erythrocytes were identified by scatter and expression of Ter119, and the percentage of erythrocytes expressing EGFP determined. Representative plots are shown. (**C**) Summary of data obtained in (**A**), showing the percentage of EGFP+ and EGFP-- platelets before and after poly(I-C) injection. FOG^Con^: *N*=7; FOG^cKO^: *N*=7. Error bars show standard deviations. Asterisks indicate statistical significance (^\*\*\*^*P*\<0.001; Student\'s *t*-test). (**D**) Summary of data obtained in (**B**), showing the percentage of EGFP+ and EGFP-- erythrocytes before and after poly(I-C) injection. FOG^Con^: *N*=4; FOG^cKO^: *N*=5. Error bars show standard deviations. Asterisks indicate statistical significance (^\*\*\*\*^*P*\<0.0001; Student\'s *t*-test).](emboj2011390f6){#f6}

![Loss of FOG-1 prevents extinction of the GM program in preMegE cells. (**A**, **B**) Quantitative RT--PCR on sorted bone marrow preMegE isolated from FOG1^Con^ and FOG1^cKO^ competitive-transplanted mice. Data show average mRNA expression normalized to *Hprt1* from three independently transplanted mice, each mouse assayed in triplicate. (**C**) Gene set enrichment analysis comparing FOG1^cKO^ and FOG1^Con^ preMegEs and (**D**) LSKFlt3^−^ cells. Panels show enrichment of preMegE (top)- and preGM (bottom)-specific gene sets in the FOG1^cKO^ genotype relative to FOG1^Con^. The normalized enrichment score (NES), nominal *P*-value and false discovery rate (FDR) are indicated on each plot. (**E**) Gene set enrichment analysis comparing *Cebpa*^KK^ and wild-type (WT) control LSK cells. Panels show enrichment of preMegE (top)- and preGM (bottom)-specific gene sets in the *Cebpa*^KK^ genotype relative to wild type. The NES, nominal *P*-value and FDR are indicated on each plot. (**F**) Lineage potential of FOG1^Con^ and FOG1^cKO^ PreMegEs, assayed as in [Figure 1D](#f1){ref-type="fig"}. Error bars show standard deviations. Asterisks indicate statistical significance (^\*^*P*\<0.05; ^\*\*^*P*\<0.01; ^\*\*\*^*P*\<0.001; Student\'s *t*-test). (**G**) Expression of *Trib2* in progenitor subsets based on Affymetrix array analysis of CLP (*n*=3), preGM (*n*=3) and preMegE populations (*n*=5). Expression values are normalized to *Hprt* expression. Error bars indicate standard deviations. Asterisks indicate statistical significance (^\*\*\*^*P*\<0.001; Student\'s *t*-test). (**H**) Expression of *Trib2* in control and FOG-1-deficient preMegEs based on real-time Q--PCR (Con: *N*=3; cKO; *N*=3) and Affymetrix analysis (Con: *N*=3; cKO; *N*=3). Asterisks indicate statistical significance (^\*^*P*\<0.05; ^\*\*\*^*P*\<0.001; Student\'s *t*-test). (**I**) Trib2 promoter region, showing the position of the amplicons surrounding putative GATA/FOG binding sites, identified by sequence analysis. Arrow indicates the transcriptional start site; open box 5′ non-coding part of exon 1; closed box coding sequence. (**J**) ChIP was performed on sorted preMegEs (50 000 cells/IP), using anti-GATA-2, anti-FOG-1 and control IgG antibodies, followed by PCR amplification of *Trib2* and control *Csn2* amplicons. Values are expressed as enrichment (antibody/IgG ratio) relative to the enrichment observed for the *Csn2* amplicon. Each value is the average of triplicate determinations.](emboj2011390f7){#f7}

![Lineage perturbations in FOG-1- and C/EBP-deficient haematopoiesis. (**A**) The myelo-erythroid lineage bifurcation in normal haematopoiesis. (**B**) In FOG-1-deficient haematopoiesis, phenotypic preMegEs upregulate *Cebpa* and *Cebpb*, assume preGM-like gene expression and give rise to myeloid cells, but no committed Mk or E progenitors or colonies. (**C**) Conversely, C/EBP-deficient preGM cells are blocked in the progression to the GMP stage, upregulate *Zfpm1* (encoding FOG-1) and Mk-specific genes, and show ectopic Mk potential.](emboj2011390f8){#f8}
